The effects of chloramphenicol on S. cerevisiae and on a cytoplasmic respiratory-deficient mutant derived from the same strain are compared. In the normal yeast, high concentrations of chloramphenicol in the growth medium completely inhibit the formation of cytochromes a, as, b, and cl and partially inhibit succinate dehydrogenase formation, whereas they do not affect cytochrome c synthesis. This has been correlated with the marked reduction of mitochondrial cristae formation in the presence of the drug. In glucose-repressed normal yeast, chloramphenicol has little effect on the formation of outer mitochondrial membrane, or on the synthesis of malate dehydrogenase and fumarase. However, both these enzymes, as well as the number of mitochondrial profiles, are markedly decreased when glucose de-repressed yeast is grown in the presence of chloramphenicol. The antibiotic did not appear to affect the cytoplasmic respiratory-deficient mutant. The results have been interpreted to indicate that chloramphenicol inhibits the protein-synthesizing system characteristic of the mitochondria. Since the drug does not prevent the formation of cytochrome c, of several readily solubilized mitochondrial enzymes, or of outer mitochondrial membrane, it is suggested that these are synthesized by nonmitochondrial systems.
INTRODUCTION
The formation of mitochondria by yeast is under chromes a, a3, and b (Ephrussi, 1953) . The effect both cytoplasmic and nuclear genetic control. The of the cytoplasmic mutation is confined to the cytoplasmic respiratory-deficient mutant, the so-insoluble enzymes of the mitochondrial cristae, called cytoplasmic petite discovered by Ephrussi while cytochrome c and a number of readily and his associates, is phenotypically characterized solubilized citric acid cycle enzymes of the mitoby a lack of the mitochondrial enzymes, cyto-chondria are still formed in appreciable amounts by the organism (Mahler et al., 1964; Mackler et al., 1965) . Nonchromosomal mutants affecting cytochrome c do not appear to exist, but chromosomal mutations affecting cytochromes a, a 3 , b, cl, and c individually or collectively are known (Ephrussi, 1953; Sherman and Slonimski, 1964) .
Recently, we reported that S. cerevisiae is respiratory-deficient when grown in the presence of chloramphenicol or a number of other antibiotics which inhibit bacterial protein synthesis (ClarkWalker and Linnane, 1966) . The organism is unable to synthesize cytochromes a and a3 in the presence of the antibiotics although the synthesis of cytochrome c is unaffected (Linnane et al., 1967; Huang et al., 1967) . These observations suggested that the chloramphenicol treatment of the yeast might involve the same system as that affected by the cytoplasmic mutation.
This communication describes the effect of chloramphenicol on the growth and morphology of normal and cytoplasmic respiratory-deficient yeasts, and on the formation of some soluble and particulate mitochondrial enzymes in these yeasts. The results indicate that the chloramphenicolinhibited wild type cells and the mutant grown in the presence or absence of chloramphenicol are phenotypically very similar. It is suggested that chloramphenicol reversibly inhibits the translation of the specific genetic information for particular mitochondrial proteins at the level of the mitochondrial ribosome, while the mutation resulting in cytoplasmic respiratory-deficient yeast either eliminates or permanently prevents the transcription of this genetic information.
MATERIALS AND METHODS

Yeast Strains
A locally isolated diploid strain of Saccharomyces cerevisiae was used throughout the experiments.
The cytoplasmic respiratory-deficient mutant strain was obtained from the original yeast by growth of the organism in the presence of I ug/ml euflavine followed by isolation of petite colonies on glucoseagar plates (Ephrussi et al., 1949) .
Growth Media
The liquid media used for cultivation of the cells was made from 0.5% Difco yeast extract, 0.12% (NH 4 )2SO 4 , 0.05% NaCI, 0.07% MgC12.6H20, 0.1% KH2PO 4 , 0.01% CaCIl, 0.5% FeCI 3 , and either I or 5% glucose as the major carbon and energy source.
Growth Experiments
The normal and cytoplasmnic mutant yeasts were grown at 28°C in 250 ml of I or 5, glucose medium in I-liter conical flasks on a reciprocating shaker operating at 80 cycle/min. Chloramphenicol at a final concentration of 4 mg/ml was dissolved in the media by gentle heating. The inocula for the various growth experiments were standardized to give an initial cell density of 0.15 mg dry wt/ml medium. Growth of the cells was followed by dry weight determination.
The cells grown on the 1 and 5% glucose media are hereafter referred to as I and 5% glucose cells.
Uptake of Chloramphenicol by S. cerevisiae
Actively growing yeast cells were transferred to 50 ml of 1% glucose media at 28°C containing 0.1-4.0 mg chloramphenicol/ml (3.5 c of chloramphenicol-4 C). After the yeast had grown through one division, the cells were centrifuged and washed four times with chilled (C) water. This procedure was found to remove extraneous radioactivity and leave only the firmly bound chloramphenicol, so that the procedure adopted leads to the estimation of the minimal amount of chloramlphenicol taken up by the yeast. The remaining radioactivity was determined with a TRI-CARB scintillation counting system Model 314 EX (Packard Instrument Co., Downers Grove, Ill.). The cells were suspended in an aqueous scintillation fluid with the aid of 5%0 CAB-O-SIL thixotropic gel (Packard Instrument Co.); under these conditions the counting efficiency was 60%.
The aqueous scintillation fluid had the following composition: 1%, 2,5-diphenyloxazole, 0.05'. 1,4-bis-2-(4-methyl-5-phenyloxazolyl)-benzene, 8 ( naphthalene dissolved in a mixture of m-xylene (I part), dioxan (3 parts), and methyl cellosolve (3 parts).
Preparation of Whole Homogenate and Total Particle Fractions
The normal and respiratory-deficient mutant yeasts were grown through 10-14 generations to the stationary phase in 15 liters of 1 or 5 glucose medium in the presence or absence of 4 mg/ml chloramphenicol. The initial cell inoculumn for these experiments was about 0.002 mg dry wt cells/ml. The samples were harvested, washed, suspended in 0.8 M mIannitol, 0.02 M Tris, 0.001 M EDTA (pH 7.4), and the cells completely disrupted by two passages through a French pressure cell at 8 tons/sq in. The pH was adjusted to 7.4 after each passage through the pressure cell. Large fragments of cell debris were removed by two centrifugations at 1000 g for 10 min to yield a cell-free "whole homogenate." The "total particle fraction" was prepared by centrifugation of the whole homogenate at 75,000 g for 90 min to obtain a sediment which consists of essentially all of the particulate material of the whole homogenate. The "total particle fraction" was resuspended by homogenization in a minimal volume of 0.5 M sucrose, 0.02 M Tris, 0.001 M EDTA (pH 7.4).
Extraction of Cytochrome c from the Total Particle Fraction
The total particle fractions were treated with cleoxycholate to remove readily solubilized proteins and, in particular, cytochrome c.
To the particle fraction at 0-2'C were added potassium phosphate buffer (pH 7.4), to a final phosphate molarity of 0.3 M, and deoxycholate (0.3 mg/mg protein). The final protein concentration was approximately 10 mg/ml. The suspension was homogenized and left to stand at 0-2 0 C for 30 min, after which the particles were collected by centrifugation at 105,000 g for 60 min. The particles were washed by resuspension in 0.5 M sucrose, 0.02 M Tris, 0.001 M EDTA (pH 7.4), collected again by the above centrifugation procedure, and resuspended in a minimal volume of the sucrose buffer. The protein remaining in the deoxycholate-treated particulate fraction constituted 40-507 of that present in the original particles.
,Spectroscopic Assays
The cytochrome spectra of the total particle fractions were examined by difference spectroscopy in a Cary Model 14 spectrophotometer fitted with a Scattered Transmission Accessory (Model 1462). The fractions were oxidized with potassium ferricyanide in the reference cuvette and reduced with sodium dithionite in the experimental cuvette. Difference spectra at the temperature of liquid nitrogen were obtained with 2-mm light path cuvettes and a specially modified Cary Spectrophotometer (Applied Physics Corp., Monrovia, California), essentially the same as that described by Estabrook (1961) . The samples were mixed with an equal volume of glycerol, then reduced or oxidized, and the spectra determined after the material had been twice frozen at the temperature of liquid nitrogen.
Enzyme Assays
Enzyme activities in the total particle and supernatant fractions were determined at 25 0 C. Succinate dehydrogenase EC. 1.3.99.1 (Arrigoni and Singer, 1962) , fumarase EC.4.2.1.2 (Racker, 1950) , and NAD-malate dehydrogenase EC.1.1.1.37 (Ochoa, 1955) were assayed according to the procedures described.
Protein Determination
Protein was estimated by the biuret method of Gornall et al. (1949) .
Electron Microscopy
For electron microscopy, cells were fixed in potassium permanganate, stained with uranyl nitrate and potassium dichromate, embedded in methacrylate, sectioned, and examined in a Siemens Elmiskop I, as described previously (Wallace and Linnane, 1964) .
Chemicals
Chloramphenicol was a gift of the Parke-Davis Co., Sydney, Australia. Chloramphenicol (dichloroacetyl, 2-4 C, lot 33530, specific activity 8.5 Mc/mole) was obtained from Calbiochem, Los Angeles. All other chemicals were Analytical Reagent grade.
RESULTS
The Effect of Chloramphenicol on the Growth of Normal and Cytoplasmic Mutant Yeasts
Early work with chloramphenicol showed that the growth of fungi in general, including S. cerevisiae, was not affected by the antibiotic at levels 100 times the concentration of that which produced marked inhibition of bacterial growth (McLean et al., 1949) . Our results confirm these observations, provided the growth of the yeast is not limited by the amount of fermentable substrate available. Thus, a comparison of the growth curves of wild type yeast grown in a 5% glucose medium in the absence and presence of chloramphenicol at levels which inhibit cytochrome a as synthesis (0.5-4.0 mg/ml of medium), revealed that the growth rates and final amounts of cells were identical ( Fig. ) . However, if the cells were grown in a 1% glucose medium in which the amount of glucose available determines the extent of growth, a different result was obtained. In the absence of chloramphenicol, the growth of the yeast was characterized by an initial rapid growth rate (about 6 hr), corresponding to the utilization of fermentable substrate, followed by a longer period of growth (about 8 hr) at a slower rate, corresponding to the oxidative utilization of nonfermentable substrates formed by glycolysis (Fig. 2 a) . Wild type yeast grown on 1% glycose medium in the presence of chloramphenicol (0.5-4.0 mg/ml of medium) had the same initial growth rate as the control, but growth stopped abruptly after about 7 hr, presumably as the fermentable substrate was exhausted ( Fig. 2 a) . In the absence of chloramphenicol, the final cell yield from the 1% glucose medium was 4.7 mg dry weight/ml medium, and in its presence 1.6 mg dry weight/ml medium.
The growth rate of the cytoplasmic respiratorydeficient mutant in and 5% glucose media was found to be approximately 80% of that of the normal yeast (Figs. 2 b, I ). However, chloramphenicol had no effect on the rate of growth of the mutant yeast nor on the final yield of cells obtained in the two media. Moreover, the final yield of cells attained by the respiratory-deficient mutant in 1% glucose medium in the presence or absence of chloramphenicol was the same as that attained by the normal yeast in the presence of chloramphenicol.
The Retention of Chloramphenicol by S. cerevisiae
In view of the fact that large concentrations of chloramphenicol (0.5 mg 4.0 mg/ml of medium) were required to bring about the inhibition of cytochrome a-a3 formation and to alter the growth of the yeast in 1% glucose medium, it was of interest to determine the intracellular concentration of chloramphenicol.
The retention of chloramphenicol by wild type yeast as illustrated in Fig. 3 was found to be linearly proportional to the initial concentration of chloramphenicol in the medium. At an external chloramphenicol concentration of 4 mg/ml, the amount of antibiotic bound by the yeast was 5.5 jug/mg dry weight of cells. We have attempted to calculate the intracellular concentration of chloramphenicol, at this level of drug, with the aid of some data of Westcott and Sisler (1964) . They found that I ml of packed cells of S. pastorianus 
FIGURE
Uptake of chloramphenicol by S. cerevisiae. Cells were grown through one cell division in 1% glucose medium in the presence of chloramphenicol-1 4 C; the cells were washed with water and the bound radioactivity of the whole cells was determined.
corresponded to 220 mg dry weight of cells and that the space occupied by the yeast cells was 60% of the total volume. Applying these figures to S. cerevisiae, we found the amount of bound chloramphenicol to be approximately 2 mg/ml of cell volume for an external chloramphenicol concentration of 4 mg/ml. It appears from this result that the yeast does not concentrate the drug from the medium and that there may be a small permeability barrier to the uptake of the drug.
The Morphological Appearance of Yeast Grown in the Presence of Chloramphenicol
The morphological appearance of normal yeast grown to its early stationary phase in 1 and 5% glucose media is shown in Figs. 4 and 5. These micrographs show the classical cytological features of this organism: namely, cell wall, plasma membrane, nucleus, large cell vacuole, and mitochondria. However, there are differences immediately apparent between these two cell types. The 1% glucose cells contain numerous mitochondria, about 10-20 mitochondria per section, which are rather small (about 0.2 u in diameter and 0.4 lA long) and contain about one or two cristae per organelle. On the other hand, with yeast grown in 5%c glucose medium,which amounts to conditions of catabolite repression of mitochondria formation (Linnane, 1965) , fewer mitochondria-about 2-5--are seen per section. These mitochondria contain more cristae per organelle, and are larger in size (about 0.4 u in diameter and 0.8 Ap long) compared with those in yeast grown in the 1% glucose medium. In addition, the membranes of the mitochondria in the 5% glucose yeast are characteristically difficult to resolve compared with other membranes of the cell. Finally, the yeast cells grown in 5% glucose medium show a number of vesicles (VS, Fig. 5 ) partly filled with electron-opaque material, these bodies being also characteristic of the glucoserepressed yeast (Linnane, 1965) .
The influence of chloramphenicol on the morphology of cells grown in 1 and 5% glucose media is shown in Figs. 6 and 7. The antibiotic strongly inhibits the formation of mitochondria in the 1% glucose cells; the organism contains a markedly reduced number of mitochondrial profiles per section (about four to eight) and the organelles contain few or no cristae. The inhibited yeast cells also contain an appreciable amount of cytoplasmic membrane that is not so conspicuous in the untreated cells. The yeast cells grown on the 5% glucose medium plus chloramphenicol present a different picture from the 1% glucose cells. The chloramphenicol-inhibited 5% glucose cells contain about the same number of mitochondria as the uninhibited cells, but the organelles are almost free of cristae. The electron-opaque vesicles do not appear to be markedly affected by the drug, and these cells, unlike the inhibited 1% glucose cells, do not contain much free cytoplasmic membrane.
The appearance of the cytoplasmic respiratorydeficient mutant yeast grown in 5% glucose medium is shown in Fig. 8 . A few mitochondrial profiles per section (about three to six) are seen and they contain few or no cristae. The morphology of the mutant grown in the presence of chloramphenicol (not shown here) is similar to that of the mutant grown in the absence of the antibiotic.
It appears clear that chloramphenicol primarily inhibits the formation of the mitochondrial cristae, and that the outer mitochondrial membrane is formed by a chloramphenicol-insensitive system. However, other effects in the 1% glucose cells are seen, such as the over-all reduction in the number of mitochondrial profiles and the formation of considerable amounts of cytoplasmic membrane. The significance of the cytoplasmic membrane is unknown but, as it does not occur in the antibiotictreated mutant or 5% glucose cells, the cytoplasmic membrane may not be a primary aspect of the action of the antibiotic. 
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Characterization of the Compounds Responsible for the Absorption Spectra of Chloramphenicol-Treated and Cytoplasmic Mutant Yeasts
Previously published absorption spectra, between 650 and 500 mg, of yeast grown in the presence of chloramphenicol (0.5 4.0 mg/ml of medium) showed that the main pigment present was cytochrome c (Huang et al., 1966) . However, slight shoulders were apparent on the red sides of the a and : bands of cytochrome c, which were tentatively equated with a trace of cytochrome b (Huang et al., 1966; Linnane et al., 1967) .
It was considered that, on subsequent transfer of the cells to fresh chloramphenicol medium, the trace of so-called cytochrome b would disappear. However, it has been found that the shoulders on the absorption spectra of the whole cells persisted even after growth through 100 generations in the presence of 4 mg/ml chloramphenicol. Furthermore, the absorption spectrum of the cytoplasmic respiratory-deficient mutant that we used also showed similar shoulders on the absorption bands of cytochrome c. Accordingly, it became of interest to establish whether the compound underlying the main cytochrome c band in both the cytoplasmic mutant and chloramphenicol-treated cells was identical and whether it was due to a persistent trace of normal cytochrome b. As large amounts of cytochrome c were present in the total particle fractions from both cell types, it was necessary first to extract it from the particles in order to permit an examination of the absorption characteristics of the unknown compound or compounds. A mild deoxycholate treatment was used to solubilize the cytochrome c, and this is described in the Methods section.
The assessment of the difference spectra of the resulting deoxycholate-treated particles proved to be impossible with the standard technique at room temperature. The intensity of the spectra obtained was too low due to the small amount of pigment initially present in the total particle fractions. Consequently, spectrophotometric analysis was undertaken at the temperature of liquid nitrogen, a technique which produces considerable sharpening of the absorption bands coupled with a 10-20-fold enhancement of the peak heights.
The results are presented in Fig. 9 . The difference spectra of particles prepared from normal yeast grown in 1% glucose medium before and after deoxycholate treatment are compared in curves A and B. The normal yeast is characterized by cytochrome ac absorption bands at 602.0, 558.5, 553.5, and 547.5 mgL and ,/ absorption bands at 529, 523, and 519 mg. The a bands in this difference spectrum correspond to cytochromes a-a3, b, cl, and c, respectively. Deoxycholate treatment of the total particle fraction from normal yeast reduced the cytochrome c to a low level as illustrated by the small shoulder on the short wavelength side of the 553.5 mgz peak. As the positions of the remaining cytochrome a bands were not altered in this spectrum, it was concluded that the mild deoxycholate treatment had not led to degradation of cytochromes a-a3, b, and cl and that similar treatment of the other total particle fractions would lead to spectra reflecting the true position of the absorption peaks before extraction of cytochrome c. Particle fractions prepared from 5% glucose-repressed cells gave the same result as those from the 1% glucose cells except that the total amounts of the cytochromes were much less. The difference spectrum obtained (curve C, Fig. 9 ) after deoxycholate treatment of particles prepared from yeast grown in 1% glucose medium in the presence of 4 mg/ml chloramphenicol revealed two a absorption peaks, which occurred at 556.0 and 551.5 m, and a relatively broad absorption band in the region with a maximum at about 521 mu. These peaks do not correspond to the normal positions of the ao bands of cytochromes b, cl, or c. In this spectrum, the shoulder on the short wavelength side of the 551.5 myu peak possibly indicates that some cytochrome c had not been extracted from the particles by the deoxycholate treatment. Similarly, three absorption peaks occurred at 556.0, 551.5, and 521 mty (not illustrated here) in deoxycholate-treated particles obtained from yeast grown in the presence of chloramphenicol in 5% glucose medium.
The spectra obtained from the cytoplasmic respiratory-deficient mutant yeast grown in 1% glucose medium in the presence and absence of chloramphenicol proved to be identical and are represented by curve D, Fig. 9 . Two a absorption bands at 556.0 and 551.5 my and a broad band absorption peak at about 521 my were present. The 551.5 mu peak appeared to be proportionally smaller relative to the 556 mu peak in this spectrum (curve D) compared to the spectrum obtained from chloramphenicol-treated cells grown in 1% glucose medium (curve C).
For comparison, the difference spectrum of a total particle fraction prepared from yeast grown anaerobically in 5% glucose medium is illustrated by curve E on Fig. 9 . Anaerobically grown yeast does not contain cytochromes a, a , b, cl or readily recognizable amounts of cytochrome c, and consequently these particles were not treated with deoxycholate. The particles contained material absorbing at 556.0 and 550.5 m. However, a definite absorption band was not observed because of the small amount of pigment present in the particles and the resultingly large background absorption. In view of the difficulty of obtaining a well defined spectral trace of the anaerobic particles, it is unlikely that the absorption characteristics of the aerobic compound(s) (556.0 and 551.5 my/) are significantly different from those of the anaerobic compound(s) (556.0 and 550.5 mu). Ephrussi and Slonimski (1950) first reported the presence of a compound absorbing around 557 mu in anaerobically grown yeast cells and denoted it cytochrome bl. At the temperature of liquid nitrogen, Lindenmeyer and Estabrook (1958) observed in direct spectra of anaerobically grown cells a compound having absorbing peaks at 557-8 and 551 my which they equated with cytochrome bl . Our results do not permit a definite identification of the absorption compound or compounds remaining in the particle fractions from the chloramphenicol-treated yeast and the cytoplasmic mutant, but it may well be cytochrome b . If this should prove to be the case, then it would seem that the pigment which occurs in anaerobic cells also occurs in small amounts in aerobically grown cytoplasmic mutants and in chloramphenicoltreated yeast. By implication, this pigment preFIGunE 7 Normal yeast grown on 5% glucose medium in the presence of clloramphenicol (4 mg/ml medium). The mitochondrial profiles (Mp) shown in the section contain markedly reduced amounts of cristae compared with those of uninhibited cells. The antibiotic has little effect on the number of profiles formed. X 20,000. sumably would also occur in normal aerobic yeast unless it is formed as a consequence of the cytoplasmic mutation or chloramphenicol treatment. However, the over-all result obtained from the spectral analysis is clear and indicates that chloramphenicol completely inhibits the formation of cytochromes a, a3, b, and c . The drug has no apparent effect on the spectral characteristics of the compounds formed by the cytoplasmic mutant.
Effect of Chloramphenicol on the Formation of Fumarase, Malate Dehydrogenase, and Succinate Dehydrogenase by Normal and Cytoplasmic Respiratory-Deficient Mutant Yeasts
Succinate dehydrogenase is an insoluble enzyme which, like cytochromes a, as, b, and cl , is characteristic of mitochondrial membranes. The formation of the enzyme by normal yeast is about 80-90% inhibited by chloramphenicol whether the organism is grown on I or 5% glucose media (' Table I ). It is of interest that although the synthesis of the enzyme is not completely inhibited in the normal cells the levels are very similar to those found in the cytoplasmic mutant. The mutant contains only very low levels of succinate dehydrogenase, and this level is not affected by the drug.
The effect of chloramphenicol on the synthesis of two representative enzymes of the group of readily solubilized mitochondrial enzymes, namely fumarase and malate dehydrogenase, is more complex than for succinate dehydrogenase. The two soluble enzymes are influenced by the glucose repression, and the normal cells grown on 1% glucose contain considerably greater amounts of these enzymes compared with the 5% glucose cells, as was also observed for succinate dehydrogenase. However, these two types of cells respond differently to chloramphenicol; the drug does not affect the formation of the enzymes by cells grown on 5% glucose, but it reduces the level of enzyme formed by the 1% glucose cells to only about 10-20% of that of the untreated cells (Table I ). The antibiotic does not affect the amount of fumarase and malate dehydrogenase formed by the mutant.
The results suggest that chloramphenicol A B 500 550 600 WAVELENGTH (mg) FIGURE 9 Low temperature difference spectra of whole particle fractions in 50% glycerol recorded at the temperature of liquid nitrogen. Curve A, particle fraction (1.2 mg of protein/mi) from normal cells grown in 1 , glucose medium (5% glucose-grown cells show qualitatively a similar pattern). Curve B, same particle fraction (2.0 mg protein/ml) as shown in Curve A, but extracted with deoxycholate to remove cytochrome c. Curve C, particle fraction (12 mg of protein/mi) from cells grown on 1% glucose medium containing 4 ig/iml of chloramphenicol. The particles have been previously extracted with deoxycholate to remove cytochromle c. Qualitatively identical spectra were obtained for cells grown on 5 glucose medium containing 4 mg/ml chloramphenicol. Curve D, particle fraction (14 tug of protein/ml) from cytoplasmic mutant petite cells grown on 1% glucose medium both with and without added chloramphenicol (4 mg/ml). The particles were previously extracted with deoxycholate to remove cytochrome c. Curve E, whole particle fraction (16 mg of protein/ml) prepared from cells grown anaerobically ol .5% glucose medium. Examination of the supernatant fractions from the deoxycholate-treated samples revealed that the only cytochrome soluhilized was cytochrome c. The two organisms were grown on 1 or 5% glucose medium in the presence of chloramphenicol (CAP; 4 mg/ml) as indicated. The total enzyme activity describes the activity of the whole homogenate prepared from the equivalent of 1 g dry wt of cells, expressed as jsmoles substrate reacted/min/whole homogenate from I g dry wt of cells. The tabulated results are the average of three experiments.
probably does not directly inhibit the formation of fumarase and malate dehydrogenase since the synthesis of these enzymes by the mutant and the cells grown on 5% glucose is unaffected. It would follow that these enzymes are not formed by the same system as that synthesizing the insoluble cytochromes, but that they may be synthesized by the system producing cytochrome c. The marked reduction in the amounts of the two soluble enzymes formed by the 1 glucose cells grown in the presence of chloramphenicol can be rationalized by recalling that the total number of mitochondrial profiles in these cells, compared with the uninhibited cells, is greatly reduced. The reduction in the number of profiles, it may be presumed, would lead to a feedback control on the synthesis of the two enzymes. The present explanation of the chloramphenicol effect on the readily solubilized mitochondrial enzymes as represented by fumarase and malate dehydrogenase serves as a working hypothesis; the question of the occurrence of isoenzymes of fumarase and malate dehydrogenase with possible differential effects of the drug on them is under investigation.
DISCUSSION
The growth of S. cerevisiae on a medium containing excess fermentable substrate is not affected by chloramphenicol, although the cells are respiratory deficient and the formation of the insoluble mitochondrial cytochromes a, a3, b, and cl is completely inhibited. Examination of these cells in the electron microscope shows that the outer mitochondrial membrane is still formed, but the mitochondrial profiles contain only traces of cristae; only small amounts of succinate dehydrogenase are found in the cells, and this observation may be consistent with the presence of the small amounts of cristae. At the same time, the synthesis of the soluble mitochondrial enzyme cytochrome c was unimpaired by chloramphenicol. The formation of several other soluble enzymes, namely malate dehydrogenase and fumarase, which are also found, in part, associated with the mitochondria was not affected by the drug when the cells were grown on high concentrations of fermentable substrate. However, the amounts of malate dehydrogenase and fumarase in the cells grown on 1% glucose decreased following growth in the presence of the antibiotic; in this case, the drug not only inhibited the formation of the mitochondrial cristae, but also reduced markedly the total number of mitochondrial profiles within the cell. Cells grown on 1% glucose medium which are not under the influence of the glucose repression are thus affected by the chloramphenicol to a greater extent than repressed cells. At this stage of our studies, we conclude that the reduction in amount of malate dehydrogenase and fumarase in the de-repressed cells is not a direct effect of chloramphenicol on their synthesis but is a composite effect of chloramphenicol and the phenomenon of glucose repression. It is apparent from the results that chloramphenicol inhibits the synthesis of the insoluble enzymes of the mitochondrial cristae. The question immediately arises as to the site of synthesis of these proteins. Several groups of workers have shown that in vitro amino acid incorporation by the 80S cytoplasmic ribosomal system of yeast is not inhibited by chloramphenicol (So and Davie, 1963; Bretthauer et al., 1963) ; Ehrenstein and Lipmann (1961) have reported a similar finding for the 80S ribosomal system of animal cells. The fact that chloramphenicol does not inhibit the growth of S. cerevisiae in excess fermentable substrate is clear evidence that in vivo it does not act through inhibition of the major protein-synthesizing system of the cell, the cytoplasmic ribosomes. On the other hand, chloramphenicol has been shown to inhibit amino acid incorporation by isolated mitochondria from yeast (Wintersberger, 1965; Linnane et al., 1967) and from heart and liver (Kroon, 1963 (Kroon, , 1966 . We conclude, therefore, that the in vivo effect of the antibiotic is directly on the protein-synthesizing system localized in the mitochondria. It follows that the mitochondrial organelle has the protein synthetic capacity to form cytochromes a, a, b, and cl and perhaps the structural protein of the cristae, but that the organelle does not synthesize the outer membrane, cytochome c nor, it seems, malate dehydrogenase and fumarase. Roodyn et al. (1962) have earlier shown, using isolated liver mitochondria, that amino acid acid incorporation into the readily solubilized mitochondrial proteins, particularly cytochrome c and malate dehydrogenase, was negligible but that labeled amino acids were incorporated into the insoluble matrix of the mitochondria.
Further support for the action of chloramphenicol comes from a consideration of the cytoplasmic respiratory-deficient yeast. We have not detected an effect of the antibiotic on the mutant. Both before and after growth in the presence of chloramphenicol, the mutant appeared to be phenotypically very similar to normal yeast grown on 5% glucose in the presence of the drug. All three of these cell types are characterized by mitochondrial profiles with almost no cristae, by a lack of cytochromes a, a, b, cl, and by the presence of cytochrome c and a compound(s) which, at low temperature, shows difference spectra peaks at 556 and 551.5 myu. Ephrussi (1953) originally described the mutation of normal yeast to the respiratory-deficient state as the consequence of the loss of nonchromosomal factors; and recently several laboratories have reported that these cytoplasmic mutants have lost some, if not all, of their mitochondrial DNA (Moustacchi and Williamson, 1966; Corneo et al., 1966) . On the other hand, Mounolou et al. (1966) have reported that the mitochondrial DNA of the cytoplasmic respiratory-deficient cell has a different buoyant density from that of the normal cell. It may be envisaged, therefore, that the cytoplasmic mutation either eliminates or permanently prevents the transcription of mitochondrial DNA. In normal yeast, the translation of the genetic information would be reversibly inhibited by chloramphenicol at the level of the mitochondrial ribosomal system. Several recent publications have described the separation of the outer and inner membranes of heart mitochondria (Green et al., 1966) and liver mitochondria (Parsons et al., 1966; Sottocasa et al., 1967) . There is general agreement that the inner membranes contain the complete electrontransport chain, and this concept would be supported by the observations reported in this paper. However, for the heart mitochondria the outer membrane is described as the site of the readily solubilized citric acid cycle enzymes, while for liver mitochondria several enzymes previously considered to be localized in the endoplasmic reticulum, namely NADH-cytochrome c reductase and cytochrome b5, are reported as present. The results described herein strongly suggest that cvtochrome c occurs in part in the outer mitochondrial membrane, as it is found to be associated, in the chloramphenicol-inhibited cells and the respiratory-deficient mutant, with the "total particle fraction" derived from mitochondria which contain few cristae. It may be that the compound(s) exhibiting absorption peaks at 556.0 and 551.5 m/g is analogous to cytochrome b6, and that it, too, may be localized in the outer membrane of yeast mitochondria. Our data are also not inconsistent with the findings of Green et al. (1966) . Experiments now in progress in our laboratory to determine the intracellular localization of fumarase and malate dehydrogenase in chloramphenicol-inhibited cells may help to resolve present disagreements.
The precise mechanism of action of chloramphenicol on protein synthesis is unknown. However, Vazquez (1966) has shown that chloramphenicol specifically binds to the 70S type bacterial ribosome while it does not react with the 80S type ribosome characteristic of the cytoplasm of yeast, plants, and animal cells. That author also reported that the binding of chloramphenicol to the 70S type ribosome was antagonized by a number of other antibiotics such as carbomycin, spiramycin, and erythromycin which also inhibit bacterial protein synthesis. It occurred to us that if the mitochondrial RNA was organized in a manner similar to the bacterial ribosome, those antibiotics which normally inhibit bacterial protein synthesis might inhibit mitochondrial protein synthesis. This appears to be the case, and in a preliminary communication we bave reported that carbomycin, spiramycin, erythromycin, tetracycline, and oxytetracycline all inhibit formation of cytochrome a and a3 by growing yeast without inhibiting the growth of the organism in the presence of adequate fermentable substrate . More recently, we have found that amino acid incorporation by isolated yeast mitochondria is inhibited by these same antibiotics while the cytoplasmic ribosomal system of yeast is either not affected by them or else is only partially inhibited at high concentrations (Clark-Walker, Lamb, and Linnane, to be published). It may also be added that cycloheximide which inhibits amino acid incorporation by the cytoplasmic ribosomes of yeast and animal cells (Siegel and Sisler, 1965; Ennis and Lubin, 1964) does not inhibit amino acid incorporation by isolated yeast mitochondria (Clark-Walker, Lamb, and Linnane, to be published).
